The contribution of muscle in-series compliance on maximum performance of the muscle tendon complex was investigated using a forward dynamic computer simulation. The model of the human body contains 8 Hill-type muscles of the lower extremities. Muscle activation is optimized as a function of time, so that maximum drop jump height is achieved by the model. It is shown that the muscle series elastic energy stored in the downward phase provides a considerable contribution (32%) to the total muscle energy in the push-off phase. Furthermore, by the return of stored elastic energy all muscle contractile elements can reduce their shortening velocity up to 63% during push-off to develop a higher force due to their force velocity properties. The additional stretch taken up by the muscle series elastic element allows only m. rectus femoris to work closer to its optimal length, due to its force length properties. Therefore the contribution of the series elastic element to muscle performance in maximum height drop jumping is to store and return energy, and at the same time to increase the force producing ability of the contractile elements during push-off.
It is well known that tendon and tendinous tissue of the muscles have elastic properties. This has been determined in different experiments (Ettema & Huijing, 1989; Fukashiro, Itoh, Ichinose, Kawakami, & Fukanaga, 1995; Magnusson, Aagaard, Rosager, & Poulsen, 2001) . From experiments on isolated frog muscles it is known that shortening of muscle fi bers is infl uenced by muscle elasticity (Kawakami & Lieber, 2000) . However, the exact role of muscletendon elasticity in different human movements is still unclear. Elastic materials have the ability to store and release energy. Storage and release of energy in the muscle tendon unit has been shown to be important in the movement of some animals (Alexander & Bennet-Clark, 1977; Bennett & Taylor, 1995) . It has been suggested as being important in human movement as well (van Ingen Schenau, Bobbert, & Haan, 1997) .
It is diffi cult to take direct measurements of the elastic energy stored in human muscles during typical human movements. Nowadays the only noninvasive methods are ultrasonography and MR imaging techniques (Finni, Hodgson, Lai, Edgerton, & Sinha, 2003; Kurokawa, Funkunaga, & Fukashiro, 2001 ), but muscle fi ber recording with these methods is limited to slow movements, due to low recording frequencies. In dynamic situations one method for determining the elastic energy stored in the muscle is to measure kinematics and ground reaction forces and estimate indirectly the series elastic energy stored using a muscle model. Bobbert, Huijing, and van Ingen Schenau (1986) determined that the elastic structures of the ankle plantar fl exors provide 40% of the total energy delivered by these muscles in squat jumping.
In a similar way, Fukashiro, Itoh, et al. (1995) calculated elastic energy using kinematic data and invasive muscle force measurements instead of ground reaction forces. The series elastic energy stored was 23% and 34% of the total calf work in squat jumping and a hopping movement, respectively. Another approach for determining series elastic energy in dynamic situations is to simulate the movement based on an optimization criterion for the muscle activation function (Anderson & Pandy, 1993) . With this method the contribution of elastic energy was 35% of the muscle's concentric energy for all 8 muscles included in the model. All the cited studies estimated a considerable amount of energy stored in elastic structures during vertical jumping. This energy contributes to the muscle energy at takeoff, and therefore elastic energy storage is worth further investigation.
The amount of energy stored which is recovered at takeoff is not the only important factor. Muscle elasticity and reused energy can also infl uence the force producing ability of the muscle fi bers. The effect of tendon on muscle force in dynamic isometric contractions was examined in a simulation study (van Soest, Huijing, & Solomonow, 1995) . In that study it turned out that tendon removal has an infl uence on maximum fi ber shortening velocity. These simulations were validated with animal experiments on single muscles. The effect of muscle elasticity on fi ber force generation in real-life human movements has not yet been examined.
The following statements describe how the elasticity of the muscle tendon complex might support the performance of the contractile elements:
• The stored mechanical energy can be used in producing a fi nal velocity greater than that at which the contractile component itself can shorten (Hill, 1950, p. 273 ).
• Tendons and aponeuroses infl uence the variable contractile element length and speed, and therefore its force producing ability (Epstein & Herzog, 1998, p. 57) . Based on these two statements we formulate the following two hypotheses on the effects of series elasticity:
1. The elastic strain allows the muscle fi bers to work closer to their optimal lengths. 2. The elastic strain allows the muscle fi bers to reduce their shortening velocity to develop a higher force due to their force-velocity properties. The purposes of this study were (a) to calculate the amount of energy stored in the series elastic element of the muscles in drop jumping, and (b) to show how this stored elastic energy contributes to the force producing ability of the muscle contractile element (Hypotheses 1 and 2). A drop jump movement is chosen because the leg muscles carry out an intense stretch-shortening cycle which should result in a considerably high amount of stored elastic energy.
Methodology
The human body model used for this study consists of 4 rigid bodies with 8 muscle groups acting around the hip, knee, and ankle joints (Figure 1 ). The equations of motion of the rigid bodies are described in two dimensions to reduce computational time. This is possible because the drop jump movement is symmetric and the equations of motion are linear functions of the mass. Segment masses, moments of inertia, and joint and center of mass locations were calculated based on regression equations (NASA Reference Publication, 1978) . The model represents a male subject with body weight and standing height of 78 kg and 183 cm, respectively. This corresponds to the average of the participants in the drop jump study (Arampatzis, Schade, Walsh, & Brüggemann, 2001) used for model validation.
In reality the human body is not composed of a set of linked rigid bodies. Each segment represents a composition of a rigid skeletal part and soft components which are needed to calculate realistic ground reaction forces during landing (Gruber, Ruder, Denoth, & Schneider, 1998) . The function of the elastic tissue is simulated using additional wobbling masses; the parameters defining the wobbling mass coupling forces are based on the model of Gruber and are scaled with the respective segment lengths and masses to the dimensions of the model used in this study. Contact between the foot and the ground is modeled by two independent contact elements, one at the heel and the other under the forefoot (Figure 1 ). The contact force of each element is calculated according to Wright, Neptune, van den Bogert, and Nigg (1998) .
The muscle model consists of an undamped purely elastic element (SEE) in series with a contractile element (CE) and a parallel elastic element (PEE) (Figure 2 ). The passive SEE transmits the forces from the muscle CE and PEE to the bones and is responsible for most of the elastic energy stored in the muscle tendon unit (MTU); its function will be discussed here. The series elasticity of the muscle fi ber itself in the cross-bridges and myofi laments is neglected in the elastic energy calculation; its contribution to muscle force generation is assumed to be accounted for in the active properties of the CE. The force generation of the SEE and PEE is modeled according to van Soest et al. (1995) with a second-order polynomial. The SEE is defi ned so that at maximum isometric force the SEE strain is 4.5% for all muscles. This value is in the range of those measured (Magnusson et al., 2001 ) at m. gastrocnemius medialis with in vivo ultrasonography. The simulations were repeated a second time with a reduced elasticity of 4.0% to show the relation of varying elasticity, stored SEE energy, and jump height.
It turned out that during the simulated maximal height drop jumps, the muscles operated on the ascending limb of the force length curve, maximally 112% of their optimal length, so that no PEE force occurred during the simulated jumps.
The force in the contractile element F CE is calculated by multiplying a force length function (F len ) with a force velocity function (F vel ). The force enhancement due to stretch is accounted for with the enhancement function (1 + pot).
F len is approximated with an inverted parabola characterized by the width and CE length L CE opt at which maximal isometric force (Fmax) occurs (van Soest et al., 1995) . CE length (L CE ) is defi ned as the projection of the fi ber length on the line of action of the muscle (Figure 2) , not the length of the fi ber itself. With this defi nition the length change due to One fi ber bundle marked in white is associated with the force producing CE and is attached to the aponeurosis, the white structure surrounding the muscle fi bers. When the fi ber is shortening, it pulls at the aponeurosis which transfers the force via the Achilles tendon (left side) to the bones of the foot. The aponeuroses and tendons are associated with the SEE. a change in angle of pennation is included in the CE length change. This simplifi cation is done because the interest is in the behavior of the SEE attached to both endpoints of the fascicle, not in the behavior of the fascicle itself. The calculated isometric joint torques were adjusted to the measured maximum joint torques of 4 athletes participating in the drop jump study (Arampatzis et al., 2001 ). This was done by optimizing the muscle parameters L CE opt, Fmax, L SEE slack, width (van Soest et al., 1995) , and moment arm coeffi cients A1 (Visser, Hoogkamer, Bobbert, & Huijing, 1990 ). An initial guess for the parameters was taken from the literature (Gerritsen, Nachbauer, & van den Bogert, 1996; Rugg, Gregor, Mandelbaum, & Chius, 1990; Spoor & Leeuwen, 1992; Visser et al., 1990; Winters & Woo, 1990) .
The optimized lengths are shown in Figure 3 and the other parameters are listed in Table 1 . Since resultant joint torques are measured by maximally contracting the muscle in isometric conditions, F len is not parameterized with muscle activation. F vel for concentric contraction was described by the Hill equation containing the parameters a, b, and Vmax (Epstein & Herzog, 1998) . Parameters a and b were taken from Chow and Darling (1999) dependent on the activation level. Vmax was set to 14 optimal fi ber lengths per second as estimated (Epstein & Herzog, 1998) for the knee extensors. Vmax for each muscle was scaled with its percentage of fast type fi bers (Table 1) , and the fi ber length along the muscle line of action with respect to the average values of the knee extensors. F vel in eccentric contraction was defi ned as described in van Soest et al. (1995) .
In drop jumping, the muscles acting against gravity perform a stretch shortening cycle during the important ground contact phase. Force enhancement during the short isometric hold phase after stretch is important, and therefore was included in the model. Experimental observations (Cook & McDonach, 1995) show a linear increase of up to 160% of maximal isometric force during the stretch and an exponential decay of the enhancement in the isometric hold phase following the stretch. The exponential decay can be described by the differential equation with the decay factor df = 1.9 (Cook & McDonach, 1995) .
Further it is assumed that force enhancement is proportional to the activation level and decreases linearly with muscle shortening. In the following algorithm, all four properties mentioned are included to obtain force enhancement after stretch.
Eccentric contraction:
Concentric contraction: Note: F max = maximal isometric force; width = width of force length curve; FTF = amount of fast type fi bers; Pa = angle of pinnation. Both parameters are taken from Winters and Woo (1990) . V max = maximum concentric shortening velocity.
The computing time step is i and the time difference between the steps is ∆t. The factor cf = 10 for linear force enhancement is chosen so that in drop jumping the force enhancement does not exceed 1.6 times the maximal isometric force. To test the sensitivity of the force enhancement on the SEE energy stored and on the maximal CE lengthening during ground contact, the factor cf was varied from −20 to +20% in increments of 10%. The variations of SEE energy were in between −1 and 6%. The variations of maximal CE lengthening for all muscles were in between −3 and 2%. The sensitivity of cf on the calculated values was found to be acceptable in the varied range.
The activation level {act(t)} is a function over time with 0.005 ≤ act(t) ≤ 1.0 which was used to control the model. It represents the increase of muscle force due to motor recruitment and change of stimulation frequency. Previous simulation studies (Pandy, Zajac, Sim, & Levine, 1990; van Soest & Bobbert, 1993) used activation dynamics in vertical jumping as a fi rst-order process described in Hatze and Venter (1981) , with three parameters: on, off, and stimulation frequency. Using this threeparameter approach, we could not measure the drop jump height by the model. To account for the complex muscle activation sequence in drop jumping (Arampatzis et al., 2001) , act(t) is defi ned by a set of control nodes interpolated with sinusoidal functions shown in Figure 4 . The nodes were varied in time and amplitude to make the model jump as high as possible. The nodes are equally spaced on the time axis between the fi rst and last nodes. The amplitudes of the fi rst and last nodes are set to 0.005 and are allowed to vary their time position within certain boundaries. All other nodes in between the fi rst and last nodes have amplitudes between the lower and upper boundaries.
This implementation of act(t) suggests that muscle activation cannot increase immediately. After gaining experience with the requirement of act(t) for each muscle, the boundaries and the number of nodes could be defi ned and reduced to simplify the optimization process. The cost function to be maximized is the resultant jump height of the upper body CM. To prevent the joints from being damaged, we added a penalty to the cost function when the joint limiter torque reaches more than 4 Nm. The optimization was performed using a constrained, gradient based method (Matlab 6.0, Mathworks Inc., Natick, MA). Forty-one design parameters were optimized, describing the location of the control nodes within their boundaries. To avoid local maxima of the jump height, we performed the optimization 100 times using randomly generated initial activation functions.
Experimentally observed drop jumps (Arampatzis et al., 2001) show a lower takeoff velocity with shorter ground contact time. A valid simulation model should demonstrate the same behavior, therefore 5 drop jumps from a height of 20 cm with different contact times (130, 150, 170, 190 , and 210 ms) were calculated. The model is forced to use one of the fi ve given ground contact times by subtracting a penalty value from the cost function. This penalty is subtracted when the simulated jump is 10 ms longer or shorter than the specifi ed contact time. To calculate the SEE energy, the power of each SEE is integrated over time. The total SEE energy stored is determined by adding up the SEE energy of the 6 muscles working against gravity, which perform a stretch shortening cycle during the jump (all implemented muscles except the tibialis anterior and iliopsoas).
To investigate the fi rst hypothesis, the actual MTU length change is compared to the CE length change. The CE is smaller because series elastic stretch allows the MTU to lengthen more than the CEs. This difference in length is related to a potential of generating force with the force-length properties of the muscles. Along the same line this is also done for the velocity of the MTU and CE to prove Hypothesis 2. In both cases, calculations were made to determine how the force potential would change if the SEE were completely rigid and the MTU length change and velocity would be those of the CE.
Results
Jumping performance is represented by vertical CM takeoff velocity (V). Joint kinematics in the downward movement are represented by the vertical CM deceleration path (∆s). Both parameters are in the range of the standard deviation measured on 15 participants ( Figure 5 ). The simulations carried out with 4.5% strain showed a 2% higher takeoff velocity compared to the simulations using 4.0% strain. The simulation results using 4.5% strain are therefore closer to the average of the experimentally determined results ( Figure 5 ). For the detailed report of the simulation results, the calculations with 4.5% strain are used unless otherwise stated. The activation functions obtained by optimization are qualitatively compared with EMG data measured on 4 muscles (Arampatzis et al., 2001) as shown in Figure 6 .
The calculated activation level does not include any electromechanical delay which is about 30 to 100 ms (Cavanagh & Komi, 1979) . Considering this delay by shifting the calculated activation time curves shown in Figure 6 about 50 ms to the left, the measured muscle activity for the m. gastrocnemius, m. vasti, and hamstrings is in good agreement. Cocontraction of m. tibialis anterior before ground contact observed in the EMG measurements is also found in the simulation.
In the eccentric phase when the CE is stretched while being activated, mechanical energy is dissipated. In the concentric phase the MTU is shortened; the elastic strain energy previously stored is returned and contributes to overall muscle power output. Muscle element length, velocity, and power for m. vasti are shown in Figure 7 . The SEE is ideally elastic, therefore no energy is dissipated and most of its energy is returned at the end of the stretch shortening cycle. For each jump the MTU energy and SEE energy is summarized over the 6 muscles acting against gravity. On average over all 5 jumps, 32% of the MTU energy is provided by the SEE and 68% is generated by the CE, which requires metabolic work. The absolute energies for the plantar fl exors, knee extensors, and hip extensors normalized on half the body weight are 0.38, 0.89, and 0.20 J/kg, respectively. centric energy of the CE was the same as those with 4.5% strain. For the contact times in between, the energy was on average 1.5% higher with the 4.0% maximum strain. Summarized, the more compliant SEE stores 10% more SEE energy which results in 2% higher CM takeoff velocities ( Figure 5) .
The force-length potential F len calculated is most advantageous (100%) when the length is close to the optimal length L CE opt. Figure 8 shows that the only muscle which reaches the optimal length of the CE is m. rectus, reaching a maximal length of 103% of its optimal length during the jump. All other muscles acting against gravity are working on the ascending limb of their force length curve. These muscles are fi rst stretched to a length just below optimal, so that By decreasing the SEE compliance from 4.5 to 4.0%, approximately 10% less energy was stored in the SEE in all 5 drop jumps considered. The eccentric energy of the CE was increased about 13% so that more energy was dissipated in the CE element during the downward movement. With the lower amount of elastic energy returned, the CE does not produce much more power in the concentric phase. For the slowest and the fastest drop jump, the con-their force potentials increase. In the subsequent takeoff phase all muscles shorten and their force potentials decrease.
The force-velocity potentials F vel in Figure 9 of all muscles acting against gravity show similar characteristics. Directly after touchdown the MTU works eccentrically with a force potential higher than its isometric one. Then just before takeoff the muscles have a high concentric shortening velocity. Focusing on the last 50% of ground contact, there is a point at which the force-velocity potential of the CE is higher than that of the MTU. The difference of this force-potential is high for the muscles at the ankle and knee joint, and low for m. gluteus and the hamstrings acting around the hip joint. The one-joint muscles m. soleus and m. vasti have a rapid decrease of their force velocity potential at about 50% of ground contact, whereas the two-joint muscles m. rectus and m. gastrocnemius force potentials increase until about 70% of ground contact and then rapidly decrease.
Discussion
The simulation model developed in this study reproduces the measured drop jump quantities within the standard deviation. Therefore the model is found to be valid for calculating the energy stored in the The length used to calculate the potential is averaged over the 5 drop jumps simulated. The grey lines are calculated using the MTU length as input instead of the CE length. The time is normalized on ground contact duration.
muscle SEE and to test the two hypotheses on the effects of muscle SEE formulated in the introduction. The model suggests:
1. A considerable amount (32%) of the concentric muscle energy is contributed by the SEE energy stored in the eccentric phase.
2. The SEE's strain allows only the CE of m. rectus to work closer to its optimum length. Therefore Hypothesis 1 is not true for all muscles.
3. The SEE's strain energy allows the CEs to reduce their shortening velocity compared to the MTU velocity to develop a higher force. This is true for all muscles and all jumps calculated.
The percentage of energy stored is 3% lower than those calculated for vertical jumps from a squatted position (Anderson & Pandy, 1993) . The reason for the higher amount of energy stored in the study by Anderson and Pandy might be because SEE and PEE elasticity is summed up to the total elastic energy stored. In the drop jump simulation, the muscles are mainly working on the ascending limb of their force length curve so that no PEE force occurs. Measurements of Fukashiro, Komi, and Järvinen (1995) at the Achilles tendon resulted in 0.23 J/kg and 0.11 J/kg elastic energy stored in hopping and squat jumping, respectively. The amount of 0.19 J/kg calculated in this study for m. soleus and m. gastrocnemius together is within the values measured for squat jumping and hopping. The higher amount of elastic energy found in hopping compared to drop jumping is reasonable, because in hopping the plantar fl exors are mainly responsible for propelling the body upward. The knee muscles do not contribute much to the overall movement. The calculated fascicle length change of m. vasti, from initial length to maximal shortening, is 26% of the optimal length (Figure 7) . This causes the substantial decrease of force at takeoff due to the force-length and force-velocity properties of the muscle. The simulated fascicle length change of m. vasti is within the standard deviation of those measured during high intensity drop jumping (Ishikawa, Finni, & Komi, 2003) . The ultrasound-measured maximum fascicle lengthening and shortening is 1.4 ± 1 cm and 3.1 ± 1.1 cm, respectively. The simulated lengthening and shortening is 1.6 cm and 3.6 cm for a drop jump with a ground contact duration of 210 ms (Figure 7) .
The third hypothesis, that the effective shortening speed of the muscle fi bers is reduced by tendon recoil, is true for all muscles. However, there are differences in the effect of series elasticity among muscles. The most distal muscles m. gastrocnemius and m. soleus cannot produce any force at push-off without tendon recoil (Figure 9 ), whereas this effect is rather small for m. gluteus due to its short SEE element length. Regarding the ability of the muscles to store elastic energy, short fi bers and long slender tendons would be an advantage. Comparing the SEE length of all muscles shown in Figure 3 , it is apparent that all the muscles crossing two joints have longer SEE elements than the respective single-joint muscles crossing the same joint. Since the SEE acts as a buffer during jumping, the muscle length change occurs by stretching of the SEE rather than through the muscle fi bers. Therefore fi ber length change can be less for all two-joint muscles due to their higher buffering capacities.
When fiber length change is less, a higher force-velocity potential is the consequence which results in a higher load-bearing capacity of the muscle. However, this is not the only reason that two-joint muscles are favored in drop jumping. The joint kinematics for the two-joint muscles m. rectus and m. gastrocnemius leads to high force-velocity potentials up to 70% of ground contact and does not start to decrease at 50% of ground contact, which is the case for all single-joint muscles (Figure 9 ). Experimental observations (Biewener, 1998) show that there is little fi ber shortening for two-joint muscles during locomotion in animals. Horses, due to their long slender legs with most of the muscle mass located close to the trunk, are optimized to run fast at considerably lower cost, because length change occurs by a stretching of the spring-like digital fl exor tendons rather than through energetically expensive length changes in the muscle. The downside of the high elasticity is the delay in attainment of a required level of tension. When tendon stiffness is high, rapid acceleration would be possible at the expense of elastic energy storage and release.
Humans are designed for both, for rapid directional changes and energy effi cient movements. The single-joint muscles have a shorter SEE length compared to their respective two-joint muscles crossing the same joint. Therefore single-joint muscles have a smaller attainment of a required level of tension and are better suited for fast directional changes. On the other hand, the two-joint muscles with their long tendons and aponeurosis are better suited for energy storage and fast contractions during the end of the push-off phase. It is not only the SEE length which is different among single-and two-joint muscles. All single-joint muscles can generate considerably higher maximal isometric force than the corresponding biarticular muscles (Table 1) . High accelerations require high forces, so the single-joint muscles are more suitable for fast directional changes.
There is evidence from a simulation study by Seyfahrt, Blickhan, and Leeuwen (2000) that in long jumping the same performance can be generated without use of series elasticity. This means that jumping performance can also be achieved without the performance enhancing effects shown in this study. To obtain the same jumping performance, however, the muscle must make use of high eccentric forces which might cause muscle fi ber injuries. So there are further contributions of muscle SEE to optimal movement execution, such as injury prevention, economy in running, or even movement control, which could be investigated in the future with the help of the simulation model.
